Oil source and hydrocarbon migration are critical in the study of hydrocarbon accumulation. Under the complicated conditions of hydrocarbon accumulation, traditional organic geochemistry has its limitation. Therefore, the purpose of this study is to try a new way to investigate hydrocarbon accumulation and migration. The occurrence of trace elements in crude oil and their activation and migration were studied. The fingerprint of trace elements was discussed. Our results indicate that rare earth elements and transition metals could be used for study of oil-source under the complicated conditions of hydrocarbon accumulation and migration. V/Ni ratio was a specific indicator in tracing hydrocarbon migration pathway. Tarim Basin, a typical complex superimposed basin in west China was studied. The result indicated that crude oil from the Ordovician in Tazhong (central Tarim) low uplift was characterized by mixed sources. The contributions of individual sources differed from formation to formation and from block to block. The distribution of underground fluid was significantly controlled by large-scale strike-slip faults. Our study result is consistent with the knowledge of field geologists. Application of trace elements as indicators is an effective method to study hydrocarbon accumulation and migration.
INTRODUCTION
Oil source and hydrocarbon migration are critical in the study of hydrocarbon accumulation (Qin et al., 2008; Sun et al., 2009a) . Especially, the study on carbonate rock reservoirs is relatively weak. Some traditional methods used in clastic rocks study are not applicable to complicated carbonate rocks (Huang, 2003; Jin et al., 2006; Zhou et al., 2010) . Multi-period tectonic evolution and multi-source, multi-stage hydrocarbon accumulation in the Tarim basin aggravate the complexity (Jin and Wang, 2004; Lü et al., 2004; Yang et al., 2007) . Traditional organic geochemical methods mainly include comparative analysis of conventional and unconventional biomarkers on the basis of analysis of conventional hydrocarbons, the test and analysis of inclusion and individual hydrocarbon carbon isotopes, etc. (Sun et al., 2002; 2010; Zhao and Sun, 2008; Zhou et al., 2008) . It is the precondition of most geochemical indices that oils came from the same source and the same period. But the accumulation characteristics of a complex superimposed basin, like multi-source, multi-stage accumulation and generally mixed source crude oil make it difficult to detect biomarkers, so the reliability of organic geochemistry is much doubted (Sun and Püttmann, 2000; 2003; Sun et al., 2005) . Testing of inclusion is very complicated, and the requirement for sample quality and laboratory staff is very demanding. So the results are usually not consistent . The technology of individual hydrocarbon isotopes has been accepted by most scholars, but is questioned by field geologists (Cai et al., 2009; Li et al., 2010) . From the point of inorganic geochemistry, this study used fingerprint features of trace elements to find hydrocarbon source and trace hydrocarbon migration pathway in carbonate rock in a complex superimposed basin.
Trace elements are widely used in mineralogy and petrology, and the development of rare earth elements geochemistry is especially prominent. By studying the distribution characteristics of trace elements in different rocks, minerals and geological bodies, trace elements as indicator and tracer were used to study complex diagenesis and mineralization, and a quantitative theoretical model was built (Saprykin et al., 1973; Gorham and Janssens, 2005; Zhao, 2010) . Now the application of trace elements in petroleum geology mainly includes sedimentary environment discrimination and geochemical exploration (Wang et al., 2005; Peng et al., 2006; Liu and Liu., 2007; Tang et al., 2008) . Only in the pre or post 1990's in the 20 th century rare earth elements were used to find oil source in China (Zhao et al., 1996) . During the time of rapid development of organic geochemistry, the application of trace elements to hydrocarbon accumulation study suffered stagnation. Now facing multiple solutions of organic geochemical methods under the complicated condition of hydrocarbon accumulation, it is necessary to reconsider the application of trace elements. This paper focuses on the fingerprint feature of trace elements and its application to oil-source correlation and hydrocarbon migration, and looks for a new way to study hydrocarbon accumulation.
SAMPLING AND EXPERIMENT METHODS
Thirty one oil samples were collected in the Tazhong area. Forty-one trace elements were identified in crude oils by using ICP-MS. The tested samples included one upper Ordovician end-member oil (Yingmai 2), one Cambrian-lower Ordovician endmember oil (Tadong 2), 12 samples from Lianglitage formation of the upper Ordovician, 13 samples from Yingshan formation of the lower Ordovician, 3 samples from commingled oil producing wells and one sample from the Cambrian. Locations of sampling wells are shown in Figure 1 . Trace element contents were determined by ICP-MS (Finnigan MAT, HR-ICP-MS, Element I). The signal collection of HR ICP-MS lasted 25 s, and the scanned mass ranges were set at 90-120 and 175-200 amu to cover the target elements (Zhao and Sun, 2008) .
CHEMISTRY AND APPLICATION OF TRACE ELEMENTS 3.1. Trace elements as fingerprints
The strict definition of trace elements in geochemistry is that if the contents of elements in the object are so low that their activities could be described approximately by using the Henri law, such elements are called trace elements (Zhao, 2010) . More than forty trace elements can be identified in crude oil, with the predominant ones as V and Ni (50%~70% of the total) (Li et al., 2008) . Because of the action of organic acid, trace elements in source rock were activated and transported to crude oil. Trace elements mainly exist in resin or asphaltene in crude oil as transition metal complex or porphyrin chelate (Fig. 2) . Accompanying hydrocarbon, trace elements can travel a long distance (Yang et al., 1996; Wen and Putikov, 1999; Qian and Cao, 2001; Jin et al., 2006; Sun et al., 2009b) . In the samples studied, trace elements obeyed Henri law. In dilute solution, solute distribution between solution and solid was affected by temperature, pressure and components, but independent of the concentration of trace elements. Trace elements are present in crude oil in low contents, but played a significant role, similar with stable isotopes. So they are known as geochemical indicator, tracer, migration path finder, fingerprint, etc. (Sun et al., 2006; Mezhibor et al., 2009) .
During sedimentation of organic matter, many kinds of trace elements were enriched, and were inherited and saved by hydrocarbons generated from source rocks. The trace elements record the genetic information of source rock like fingerprint, which does not change with destruction, oxidation and biodegradation of oil reservoir (Jin et al., 2001) . Abundance and kinds of trace elements in crude oil are related to the species of organisms firstly, and secondly are mainly affected by sedimentary environment of source rock and migration of hydrocarbon (Sun et al., 2009b) . During migration the absolute amount of trace elements may change, but the correlation among trace elements remains consistent (Tang et al., 2009) . So this change and nochange feature of trace elements during hydrocarbon generation and accumulation can be used to study oil-source correlation and hydrocarbon migration.
Application of trace elements to oil-source correlation and hydrocarbon migration (1) Rare earth elements (REE)
REE discussed in this paper include La~Lu and Y, sixteen in total. REE have special geochemical behavior. Their original abundance, distribution form, dispersion or concentration in geological process and migration are all determined by their atomic structure and properties, which make all the REE coexist symbiotically in nature, and have the same geochemical behavior (Curiale, 1983) . During migration crude oil may absorb trace elements in surrounding rock and oilfield water, which changes the absolute amount of REE. Because of the special correlation, REE distribution remains consistent. So the indicator feature of REE can be used for oil-source correlation (Ding, 1987) .
(2) Transition metals Transition metals mainly exist in asphaltene and non-hydrocarbon components in crude oil (Ding et al., 1992) . Because transition metals have non-occupied electron orbits "d", which are easy to be hybrid and form combination bond with coordinate bond. Heterocyclic or aromatic compounds have plenty of unpaired or non-bonding electrons and all kinds of functional groups, which have strong absorption capacity to cationis. So they have strong complexation ability, and can form stable macromolecule (Wu, 1981; Ding, 1989) . According to this special feature, this study used the logarithmic distribution of abundance ratio between Sc, Cr, Mn, Fe, Co, Zn and Ni to do oil-source correlation.
(3) Ni and V Ni and V are the main trace elements in crude oil, which exist in resin or asphaltene as nickel/vanadium porphyrin. During migration Ni and V will exchange with surrounding rock, because of the effect of surrounding rock and underground fluid and the sealing ability of cap rock, the change of absolute amount of Ni and V is difficult to determine. It is proved that V/Ni ratio shows a specific trend of variation with hydrocarbon migration, which could be used to do oil-source correlation. V and Cu usually accumulate in asphaltene, and Ni mainly exists in resin. The polarity of asphaltene is stronger than that of resin, so when hydrocarbon migrate, compared with resin, asphaltene is easier to be absorbed by rock grain. Along the migration direction V/Ni ratio shows a decreasing trend (Zhou, 1983) . So V/Ni ratio can be an important support for tracing hydrocarbon migration pathway.
APPLICATION EXAMPLE
The Tazhong low uplift is located in the central part of the Tarim Basin, and is an inherited paleo-uplift developed in a long period. The Tazhong low uplift was formed at the end of the Caledonian, finalized in the Hercynian, was adjusted and rebuilt faintly in the Yanshanian-Himalayan, and showed an overall picture of strong tectonic movement accompanied by faulting and folding in the early period and stable tectonic activity mainly in vertical movement in the late period (Lü et al., 2000) . The multicycle complex tectonic movement formed the unique characteristics of multi-stage accumulation and multi-phase transformation. Together with multiple source, this complexity makes the exploration and study of hydrocarbon accumulation especially difficult (Jin, 2005; Lü et al., 2009 ).
Distinguishing elements activities
In the study of mineralogy and petrology and reservoir geochemistry, the elements activities are the basis for further study, so distinguishing elements activities is especially important. Maclean (1987) proposed a method to determine elements activities by using bivariant projection analysis. That is to describe a scatter diagram by using a compatible element and an incompatible element in the same Cartesian coordinates. When the two elements are inactive, it will be a straight line through the true origin. If one of the two elements is active, the plotted points will not be on a straight line through the true origin. The graphical solution gives us a useful method to distinguish elements activities (Maclean and Kranidiotis, 1987) . This study selected Zr, typically an inactive element as reference, and distinguished the activities of some REE that may be active, including La, Ce, Eu, Yb and Y. Detailed analysis of a series of graphical solutions indicated that the scatter diagrams of possibly active elements (La, Ce, Eu, Yb, Y) and Zr showed a straight line through the true origin (Fig. 3) . It was proved that REE had no notable activity during hydrocarbon migration and accumulation. This feature could be used for oil-source correlation. 
Application of trace elements to oil-source correlation
It has been recognized and proved that there are two oil sources in the Tazhong area: crude oils from source rocks of the middle-upper Ordovician and crude oils from source rocks of the Cambrian-lower Ordovician . Crude oils from Well Yingmai 2 and Well Tadong 2 are regarded as the middle-upper Ordovician and the Cambrian-lower Ordovician end-member oils respectively, and can be used for oilsource correlation Tang and Wang, 2007) . Comparison showed that the REE feature of the two end-member oils differed significantly. The total REE content (∑REE) of Cambrian-lower Ordovician end-member oil was higher than the other one by about three orders of magnitude, which were 13216.8 ppm and 41.69 ppm, respectively (Lu, 2004) . C1 chondrite-normalized REE distribution patterns indicated that both oils accumulated light REE and showed Eu positive anomaly. The curve of Cambrian-lower Ordovician end-member oil was fairly smooth, while the curve of middle-upper Ordovician end-member oil showed relative enrichment or loss of multiple trace elements, with jumping characteristics and obvious Dy positive anomaly (Fig. 4) . The standardized mapping of REE in oils from Lianglitage formation of the upper Ordovician and Yingshan formation of the lower Ordovician showed that ∑REE of the former was higher than that of the latter. ∑REE of the oils from these two formations were close to middle-upper Ordovician end-member oil. It is possible that hydrothermal leaching caused the loss of ∑REE of the oil from the lower Ordovician. The distribution patterns of the oils from these two formations did not match either of the end-member oils, so they are possibly mixed oils (Fig. 5) . Analysis of the oils from commingled oil producing wells of the Ordovician indicated that their REE distribution patterns varied significantly, and differed from the two end-member oils obviously (Fig. 6 ). Detailed analysis of the distribution pattern of oils from a single formation proved that both oils were mixed oils from the middle-upper Ordovician and Cambrian-lower Ordovician source rocks, but the mixing ratio was different. Red line-Tadong 2; Blue line-Yingmai 2; Black line-oils from commingled oil producing wells; Green line-oils from Cambrian. The logarithmic curves of Sc/Ni, Cr/Ni, Co/Ni and Zn/Ni indicated that logarithmic ratio increased gradually from deep layer to shallow layer, which is from the Cambrian to the upper Ordovician. Except for the two end-member oils, logarithmic curves of other samples were broken lines with similar slopes at the break-point. Logarithmic curves of the two end-member oils were similar in shape, but with different slopes and even much different logarithmic ratios (Fig. 7) . Oils from upper Ordovician and lower Ordovician were characterized by mixed sources, with different mixing ratios. The increasing trend of logarithmic ratio at deeper formations may indicate that Cambrian-lower Ordovician contribution increased downward. Logarithmic curve of oil from the Cambrian was similar in shape to that of oils from the Ordovician, but its logarithmic ratio was smaller by about one order of magnitude, which was obviously different from oils from the Ordovician of mixed sources. 
Application of trace elements to hydrocarbon migration
Oils from the Ordovician in the Tarim basin showed the characteristics of multiplesource, multiple-stage accumulation and mixed source crude oil, which made the reliability of common indicators of hydrocarbon migration more doubtful. It is difficult to trace hydrocarbon migration pathway under such complicated conditions (Sun, 1998; Wang et al., 2000; Duan et al., 2007) . The heterogeneity of carbonate reservoirs in China is so strong that the hydrocarbon migration pathway is complicated (Jin and Cai, 2006) . There is no doubt that multiple deep strike-slip faults developed in the Tazhong area aggravate the complexity (Lü et al., 2008; Li et al., 2009 ). The superposition of many geological processes formed the present Ordovician plays in the Tazhong area with complicated underground fluid distribution (Jin, 2005; Lü et al., 2007) . A case from Block Zhonggu 5 in the mid-south of the Tazhong low uplift was studied in detail. There are nine completed wells in Block Zhonggu 5, among which four are commercial producing wells and five are water wells. Underground fluid distribution does not follow the traditional pattern. High position has water, low position has oils, or oil and water are in the same layer or cave in Block Zhonggu 5. Within the four commercial producing wells, two wells are normal oil reservoirs, another two are condensate gas reservoirs. The four wells belonging to different reservoir patterns were distributed alternately, but without regularity. Block Zhonggu 5 is the typical block with complex oil-water relationship in the Tazhong area. Taking it as an example to test the application of V/Ni ratio to tracing hydrocarbon pathway could illustrate the usefulness of this new method.
If the difference in physical properties is accounted for along the migration pathway, density, viscosity, sulfur content and wax content of crude oils decrease gradually (Li, 2004) . Analysis of physical properties of oils from Block Zhonggu 5 showed that the physical properties had no obvious regularity, indicating that geological processes were complicated in the study area. Multi-point, multi-period and multi-direction infilling made the distribution of underground fluid not controllable by structural highs in Block Zhonggu 5. It is also complicated oil-water relationship, so traditional geochemical indices can not be used to trace hydrocarbon migration effectively.
It has been proved that along the direction of hydrocarbon migration, V/Ni ratio showed a gradually decreasing trend (Jiang, 1988; Liu and Kang, 1998) . V/Ni in Block Zhonggu5 showed a trend from west to east that is Zhonggu 501<Zhonggu 5>Zhonggu 9<Zhonggu 6<Zhonggu 7. Further analysis of the geological characteristics indicated that there was a gas source fault between Zhonggu 5 and Zhonggu 501, and there was also another one near Zhonggu 7. According to prior study, hydrocarbon migrated upward along gas source faults, and on reaching the unconformity in the Yingshan formation was charged into both sides of the fault at the same time. There were at least two infill points in Block Zhonggu 5, so migration direction should be from Zhonggu 5 to Zhonggu 501, from Zhonggu 5 to Zhonggu 9, and from Zhonggu 7 to Zhonggu 9. Zhonggu 9 was the converging point of the two pathways, so its V/Ni ratio was the smallest (Fig. 8) . The result from the analysis of V/Ni ratio was consistent with the knowledge of field geologists based on oil/gas production and tectonic development, which indicated that under the complicated condition of hydrocarbon accumulation, V/Ni ratio could be an effective measure to determine hydrocarbon migration direction. 
CONCLUSIONS
(1) Oil source and hydrocarbon migration are critical in the study of hydrocarbon accumulation. Application of trace elements in crude oils is a new way to study hydrocarbon accumulation and migration under complicated conditions. (2) Applications of trace elements in hydrocarbon accumulation mainly included using REE distribution patterns and logarithmic ratios of transition metals to do oil-source correlation and using V/Ni ratio to trace hydrocarbon migration pathway. It was proved by our study in the central Tarim Basin that application of trace elements could be an effective approach to study hydrocarbon accumulation and migration under conditions. (3) Theoretical study was done in a typical complex superimposed basin in China-Tarim basin. The results indicated that oils from the Ordovician were generally mixed sources, with mixing ratio differing from formation to formation. Large-scale strike-slip faults controlled the distribution of underground fluid significantly, which complicated oil-water relationship. 
